The theoretical status of the hyperon-nucleon and hyperonhyperon interactions is reviewed, paying a special attention to chiral effective field theories. Results on hyperons in dense matter are presented and the consequences for the properties of neutron stars are analyzed.
Introduction
Over the past decades the properties of hyperons in dense matter have been object of high interest, in connection with on-going and future experiments on hypernuclei as well as the possible existence of hyperons in neutron stars.
In order to determine the properties of hyperons in a dense medium, it is of crucial importance to have a deep understanding of the underlying bare hyperonnucleon (YN) and hyperon-hyperon (YY) interactions, and the modifications induced in a dense medium.
In this contribution, the theoretical status of the YN and YY interactions is reviewed, concentrating the attention on the recent developments within chiral effective field theory (χEFT). The properties of hyperons in dense nuclear matter within χEFT are studied, whereas the presence of hyperons in neutron stars and the consequences for their structure are analyzed.
Theoretical approaches to YN and YY interactions
Despite the scarce experimental information on YN and YY interactions, there has been a continuous theoretical effort in describing the YN and YY interactions. The theoretical approaches range from meson-exchange models, approaches based on χEFT, calculations on the lattice, low-momentum interactions to quark model potentials.
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The meson-exchange models are based on the fact that the interaction between two baryons is mediated by the exchange of scalar, pseudoscalar and vector mesons. The nucleon-nucleon (NN) meson-exchange model is the starting point to build up the YN and YY interactions by imposing SU (3) flavor symmetry. Presently, the most used models are those constructed by the Jülich [1, 2] and Nijmegen groups (see [3] and references herein for Nijmegen potentials).
In the last decade approaches based on χEFT have been also used to construct the YN and YY interactions. χEFT is a systematic approach that implements the chiral symmetry of the QCD fundamental theory at low energies and provides a power counting that allows to make consistent calculations order by order while estimating the corrections introduced at each order. During the past years, the NN interaction has been described to high precision, and, more recently, the YN and YY interactions have been built from chiral effective Lagrangians in a similar manner as done for the NN by the Jülich-Bonn-Munich collaboration [4, 5, 6] . In the next section we discuss this approach in more detail.
Another way of constructing the YN and YY interactions relies on solving QCD on the lattice. Lattice QCD is a technique in which space-time is discretized into a four-dimensional grid and the QCD path integral over the quark and gluon fields at each point in the grid is calculated in Euclidean space-time by means of Monte Carlo methods. In the past years a lot of progress has been achieved in deriving baryon-baryon interactions from lattice QCD by the HALQCD (see contribution to these proceedings) and the NPLQCD [7] collaborations.
Other approaches include low-momentum interactions and quark model potentials. The former aims at obtaining a universal effective low-momentum potential for YN and YY using renormalization-group techniques [8] , whereas the latter builds the YN and YY interactions within constituent quark models [9] .
3 Hyperons in dense matter within χEFT χEFT has been used to described NN interaction to a high precision. However, only during the past decade the YN interaction has been object of analysis within the χEFT. The YN interaction has been obtained within the SU(3) χEFT deriving the different orders in the chiral expansion in a consistent way and improving calculations systematically by going to higher orders in the Weinberg power counting. At leading order (LO) in the power counting, the YN potential consists of single pseudoscalar-meson exchanges and non-derivative four-baryon contact terms [4] . The next-to-leading order (NLO) accounts for two pseudoscalar-meson exchanges and contact interactions with two derivatives [5, 10] .
The scattering amplitude and, hence, the scattering observables such as cross sections or differential cross sections, can be then obtained by solving a regularized Lippmann-Schwinger equation using the LO and NLO contributions to the YN as kernel. Apart from using the standard available set of 36 YN data points for the fitting procedure, in Ref. [5] the baryon-baryon-meson couplings constants have been fixed by SU(3) symmetry, and this symmetry has also been exploited in deriving the relations between the various low-energy constants, Fig. 1 . Λ, Σ and Ξ single-particle potentials as a function of the Fermi momentum kF in symmetric nuclear matter. The Λ and Σ potentials are obtained for NLO13 (red-dark band) and NLO19 (cyan-light band), whereas the dotted curve is the result of the Nijmegen NSC97f potential and the dashed curve comes from using Jülich04 model (taken from [10] ). The Ξ single-potential is obtained for LO (green area) and NLO (red area), while the circles correspond to the fss2 model and the dotted line to the ESC08c Nijmegen potential (taken from [13] ).
giving rise to the NLO13 interaction. The SU(3) symmetry is, however, broken due to the use of the physical masses for mesons and baryons. It turns out that the available ΛN and ΣN data is described consistently, although a combined description of NN and YN interactions with contact terms fully respecting SU(3) symmetry could not be achieved [5] .
The properties of Λ and Σ in dense matter have been later on analyzed using the LO and NLO YN interactions [11] . Within the Brueckner-Hartree-Fock framework, the single-particle potentials of the Λ and Σ hyperons in nuclear matter have been obtained. The Λ single-particle potential has been found to be in good qualitative agreement with the empirical values extracted from hypernuclear data, whereas the Σ-nuclear potential has been found to be repulsive. These results have been improved in the subsequent analysis of Ref. [12] by i) employing also the NN that originates from χEFT, ii) implementing the continuous choice for intermediate-state spectra in the Brueckner approach, and iii) investigating isospin-asymmetric matter. The Σ-nuclear potential turns out to be moderately repulsive for both LO and NLO and the Λ single-particle potential is repulsive for two-to-three times saturation density.
The inclusion of the three-body forces has also been addressed for the determination of the Λ-nuclear interaction in matter in Ref. [6] . Three-body forces are required to reproduce few-nucleon binding energies, scattering observables and nuclear saturation in non-relativistic many-body approaches, such as the Brueckner-Hartree-Fock. Adding a density-dependent effective ΛN interaction from the chiral ΛN N three-body forces, the Λ single-particle potential becomes more repulsive than the case when no three-body forces are included [6] .
More recently, there has been a reanalysis of the work in [5] regarding the ΛN and ΣN interactions, by exploring a new option for the low-energy constants that determine the strength of the contact interactions. In this recent work [10] the number of constants is reduced by inferring some of them from the N N sector via the underlying SU(3) symmetry, leading to the NLO19 interaction. Whereas the two variants, NLO13 of Ref. [5] and NLO19 of Ref. [10] yield equivalent results for ΛN and ΣN scattering observables, the in-medium Λ and Σ properties in matter are affected by the different choice, as the strength of ΛN → ΣN transition potential changes. From Fig. 1 , the Λ single-particle potential from the new NLO19 is much more attractive than the NLO13 one. The difference is basically due to the contribution of the 3 S 1 − 3 D 1 partial wave, that is enhanced by approximately a factor 2 for the new interaction with respect to the old one. As for the Σ single-particle potential, the NLO19 interaction provides slightly more repulsion, but overall there is very little difference with respect to NLO13, as seen in Fig. 1 . This result is thus in agreement with the observation from studies of the level shifts and widths of Σ − atoms and from measurements of (π − ,K + ) inclusive spectra for the Σ − -formation in heavy nuclei that the singleparticle potential is repulsive. The dominant contribution of the 3 S 1 partial wave of the Σ + p channel is the ultimate responsible for the observed repulsion.
With regards to ΞN interaction and the Ξ-hyperon in nuclear matter, the calculation within χEFT up to NLO [13] shows that the ΞN interaction is in line with empirical constraints on the ΛΛ s-wave scattering length and with published values and upper bounds of the Ξ − p cross sections. Moreover, as seen in Fig. 1 , the Ξ single-particle potential in nuclear matter ranges between -3 to -5 MeV, smaller than the usually reported value of -14 MeV, but in line with other Brueckner-Hartree-Fock results with phenomenological ΞN potentials.
Hyperons in Neutron Stars
The knowledge of the properties of hyperons in dense matter is of crucial importance in the context of neutron stars. Neutron stars are the most compact known objects without event horizons and, therefore, serve as a unique laboratory for dense matter physics [14] . Their bulk features, such as mass and radius, strongly depend on the properties of matter in their interior and, hence, on the equation of state (EoS). The most precise measurements of masses are located around the Hulse-Taylor pulsar. Accurate values of approximately 2M have been determined recently [15, 16] . As for radii, precise determinations do not yet exist, being the simultaneous determination of both mass and radius the focus of the ongoing NICER (Neutron star Interior Composition ExploreR) [17] and the future eXTP (enhanced X-ray Timing and Polarimetry) missions [18] .
The composition of the neutron star interior is determined by demanding equilibrium against weak interaction processes, the so-called β-stability. Traditionally the interior of neutron stars was modelled by a uniform fluid of neutron rich matter in β-equilibrium, where the main ingredients are neutron, protons and electrons. However, other degrees of freedom are expected, such as hyperons, due to the high value of density at the center and the rapid increase of the nucleon chemical potential with density. The presence of hyperons affects the EoS of the neutron star interior. As seen in the left plot of Fig. 2 , the EoS and, hence, the pressure becomes softer with respect to the case when only neutrons and protons are present because the addition of one particle specie (while keeping the total number of particles fixed) means opening a set of new available low-energy states that can be filled, thus lowering the total energy of the system. Neutron stars are in hydrostatic equilibrium, that is, there exists a balance between the gravitational force and the internal pressure. Thus, the less pressure due to the presence of hyperons, the less mass a neutron star can sustain (see the right plot of Fig. 2) .
The softening induced by the presence of hyperons might indeed lead to maximum masses for neutron stars below the 2M observations. In the literature this fact is referred as the hyperon puzzle. Several solutions have been advocated in order to have hyperons in the interior of 2M neutron stars. One possible way of solving the hyperon puzzle lies in the use of stiff YN and YY interactions, so as to produce a stiff EoS that overcomes the softening induced by the presence of hyperons, thus reaching 2M . The stiffening induced by hyperonic three-body forces has also been studied. However, while some models reach the 2M limit, others do not. Hence, there is not a general consensus. Other solutions are based on the appearance of new degrees of freedom, such as ∆ baryons, that push the hyperon onset to higher densities, or the presence of an early transition to quark matter below the hyperon onset with quark interactions strong enough to provide the repulsion needed to reach 2M . I refer the reader to the recent review of Ref. [19] and references therein.
